I[n]{.smallcaps} dividing cells, centromeres congregate during early metaphase at the equator of the cell and cluster at prometaphase when they all become attached to the spindle apparatus which extends between the two opposite poles. At anaphase, centromeres disjoin and move to the poles with chromatids and telomeres dragging behind. Thus, at the telophase-G~1~ transition the centromeres and distal telomeres occupy opposite positions in the newly formed nucleus. The maintenance of this centromere-- telomere polarization during the subsequent S and G~2~ stages of the interphase and even into prophase is a matter of debate. [@B56] first reported on a polarized arrangement of interphase chromosomes in nuclei of salamander larvae, which thereafter became known as the Rabl-orientation. Subsequent investigations disclosed the Rabl-orientation in a variety of organisms. It was studied in most detail in *Drosophila*, where salivary gland nuclei were three-dimensionally reconstructed and the course of polytene chromosomes traced ([@B52]). It was found that chromosomes on the whole show the Rabl-orientation, but follow a meandering path between the centromeric and telomeric pole with some chromosomes even looping back ([@B50] and references therein). Other examples from the animal kingdom that display aspects of a chromosome polarization are the embryonic cells of *Ascaris* ([@B6]), fibroblasts of the tree shrew, *Tupaia belangeri* ([@B30]), the lymphocytes of the Indian muntjac ([@B63]), and Chinese hamster fibroblasts ([@B14]). However, most reports on Rabl-orientation stem from plants, where it is often visible as the polarized distribution of heterochromatin bands (for review see [@B3]; [@B23]).

On the other hand, [@B36] observed centromere clustering indicative of Rabl-orientation only in a few (presumably G~1~) interphase nuclei of field beans. Likewise, in human cells that are particularly well studied with respect to nuclear organization (see [@B15]), evidence for Rabl-orientation is only sporadic. Manuelidis and Borden (1988, and references therein) found that centromeres rapidly disperse at the end of anaphase in human tissues. [@B53] and [@B20] did not find evidence for a Rabl-orientation in mammalian cell nuclei. [@B28] showed that although centromeres in human tumor cells were nonrandomly positioned close to the nuclear membrane during interphase, there was no clear evidence for a Rabl-like orientation of chromosomes. Moreover, the distinct domains occupied by individual chromosomes, visualized by chromosome painting in interphase with multiple color probes, do not show parallel alignment that would be indicative of Rabl-orientation ([@B16]). In mouse lymphocytes, [@B70] found a non-Rabl chromosomal organization, which was also observed in mouse spermatogonia ([@B61]) and mouse Leydig cells (Scherthan, H., unpublished observations). The general picture that emerges from these conflicting reports is that in different organisms or in different tissues within an organism, anaphase polarization of chromosomes may be preserved to a different extent at interphase.

However, even in the absence of the Rabl-orientation, centromere clustering does occur. In human lymphocytes, [@B71] found that centromeres were located at the periphery of nuclei in the G~0~ stage and were clustered in ∼15 spots. When reinitiation of the mitotic cycle was stimulated with phytohemagglutinin, clusters were dissolved and centromeres moved towards the nuclear interior at S phase and adopted a near-random distribution at G~2~ (see also [@B21]). After mitosis, centromeres again showed a random distribution throughout the second interphase after stimulation. At no point was a prominent Rabl-orientation present. Likewise, clustering of centromeres into fewer spots than chromosomes present was described for human fibroblasts ([@B4]), human and mouse sperm nuclei ([@B73]; [@B31]), and mouse cells ([@B37]; [@B57]; [@B7]). This seems to indicate that not only anaphase chromosome polarization but also active positioning at interphase govern chromosome arrangement within nuclei (see [@B51]).

Since there are several reports on nonrandom distribution of chromosomes or chromosomal regions in yeast ([@B41]; [@B24]; [@B26], [@B27]; [@B46]; [@B72]; [@B25]), we wanted to investigate whether there exists a Rabl-like chromosomal arrangement in yeast nuclei and whether it could contribute to other observed aspects of suprachromosomal nuclear organization in this organism. We took advantage of the possibilities in yeast to obtain synchronized cultures enriched with specific stages of the mitotic cell cycle and to induce meiosis. By fluorescence in situ hybridization to spread cells in time course experiments, we followed the formation and resolution dynamics of specific chromosomal arrangements throughout the cell cycle.

Materials and Methods {#MaterialsMethods}
=====================

Yeast Strains
-------------

Nuclei were obtained from the diploid *Saccharomyces cerevisiae* strain SK1 ([@B38]) at logarithmic growth and stationary phases, as well as meiotic stages. To study nuclei at specific stages of the cell cycle, cultures of both a haploid and a diploid strain were synchronized with α-factor, a yeast mating pheromone. Yeast cells that express the *MAT* **a** mating type allele only, are arrested at G~1~ when exposed to α-factor and resume growth upon removal. The haploid strain (4202-15-3a, kindly provided by L. Hartwell, University of Vienna, Vienna, Austria) was *MAT* **a**, *ade2-1*(ochre), *his4-580*(amber), *lys2*(ochre), *trp1*(amber), *tyr1*(ochre), *SUP4-3*(ts amber suppressor), *bar1-1*. The mutation in *BAR1* prevents recovery from arrest after extended exposure to α-factor. The diploid strain (no. 183, kindly provided by F. Klein, Fred Hutchinson Cancer Research Center, Seattle, WA) was a derivative of SK1 with the genotype *MAT* **a**/*MAT* **a**, *ho*:: *LYS2/ho*::*LYS2, lys2/lys2, leu2*::*hisG/leu2*::*hisG, his4/his4, ura3/ura3*. In addition, a variety of common laboratory strains of different origins were used to verify the generality of the phenomenons reported here.

Cell Culture and Preparation
----------------------------

For logarithmic and stationary phase cells, cultures of various strains were grown in YPD. Cell densities were determined and samples containing 4 × 10^7^ cells were collected at appropriate times. For synchronized cultures, haploid *bar1* or diploid *MAT* **a**/*MAT* **a** cells were grown to a density of ∼10^7^ cells/ml in 50 ml YPD, and α-factor (15 μg/ml; Sigma Chemical Co., St. Louis, MO) was added. After 3 h exposure to α-factor, a 4.5-ml aliquot of cells was removed and put on ice. From the remaining culture, α-factor was removed by pelleting and washing cells twice with an excess of YPD. Thereafter, cells were resuspended in YPD at 30°C. At subsequent 15-min intervals, 4.5-ml aliquots of the cell culture were removed and stored on ice. (An alternative approach to discriminate between G~1~ and G~2~ nuclei on the basis of duplication of fluorescence signals on chromosome *IV* due to their replication status (see [@B62]) was abandoned because of the ambiguous appearance of signals.)

For meiotic cells, cultures were grown in presporulation medium to a density of 2 × 10^7^ cells/ml and then transferred to sporulation medium (2% KAc) at a density of 4 × 10^7^ cells/ml ([@B58]). Aliquots from the sporulating cultures were taken at regular intervals and immediately put on ice.

Cells were spheroplasted with Zymolyase 100T (140 μg/ml; Kirin Brewery Co. Ltd., Tokyo, Japan) in 0.8 M sorbitol supplemented with 10 mM DTT. Spheroplasting was terminated by adding 10 vol of ice-cold 1 M sorbitol. Cells were pelleted and resuspended at a concentration of 4 × 10^8^ cells/ml. This suspension was then mixed with detergent and fixative on a slide for spreading the cells according to [@B45]. For detailed protocols see also [@B47].

For the preparation of unspread nuclei, we embedded cells in a polyacrylamide layer on the slide according to [@B5]. Cells were spheroplasted and a cell suspension was prepared as above. A 5% acrylamide solution was prepared by diluting a 30% activated acrylamide stock with 4% paraformaldehyde/3.4% sucrose solution. 5 μl of the cell suspension was added to 80 μl of the acrylamide/fixative solution. The mixture was dropped onto a slide, covered with a 24 × 60-mm coverslip and sealed with silicon gel. After polymerization/fixation for 30 min at room temperature the coverslip was removed, and after rinsing with 4× SSC + 0.1% Tween 20 for at least 5 min the preparation was subject to the hybridization procedure as below. Care was taken to avoid drying between the various incubation steps.

DNA Probes and Labeling
-----------------------

11 λ-clones containing sequences of 11 of the 16 yeast centromeres were obtained from the American Type Culture Collection (no. 70028, 70300, 70385, 70464, 70549, 70583, 70597, 70610, 70622, 70641, 70667; ATCC, Gaithersburg, MD). λ-DNA was prepared according to a minilysate protocol ([@B17]) and further amplified using the degenerate oligonucleotide-primed PCR protocol by [@B68]. The PCR products were used as centromere-specific probes for fluorescence situ hybridization (FISH).^1^ The remaining five centromeres of chromosomes *I, III, VIII, XII,* and *XIII* were probed with cosmid clones of centromeric or centromere-near regions (70893, 70889, 71205, 71055, 70921; ATCC).

Plasmid pEL42H10-4.8HR containing a fragment with the conserved core of the subtelomeric Y′ element, and clone pEL113H containing a 2-kbp fragment harboring the conserved core of the subtelomeric X element ([@B48]; kindly provided by E.J. Louis, John Radcliffe Hospital, Oxford, UK) were used as probes to yeast telomeres (see also [@B25]). To enhance signal intensity and to create a pantelomeric DNA-probe, we mixed the X and Y′ probes in equimolar amounts before labeling. Specificity of probes was confirmed by FISH to condensed pachytene chromosomes where (80% of telomeres showed readily detectable signals (not shown). To label the end of the long arm of chromosome *IV* (*IV*R) and the short arm of chromosome *III* specifically, probes 71013 (ATCC; cosmid) and 70303 (λ) were used.

The composite pancentromeric DNA probe (a mixture of PCR products and cosmids) was labeled with Cy3-conjugated dUTP (Amersham Corp., Arlington Heights, IL) and the pantelomeric probe was labeled with biotin-16-dUTP (Boehringer Mannheim Corp., Indianapolis, IN) using a nick translation kit according to the instructions of the supplier (GIBCO BRL, Gaithersburg, MD). Specific regions on chromosomes *III* and *IV* were labeled with biotin or both, Cy3 and biotin, depending on the experiment.

FISH
----

FISH was carried out as described previously ([@B59]) with slight modifications. In brief, DNA probes labeled with biotin or Cy3 were dissolved at 30 ng/μl in hybridization mixture (50% formamide, 2× SSC, 10% dextran sulfate, 1 μg/μl salmon sperm carrier DNA) and put onto the slide under a coverslip. Preparations were denatured for 5 min at 74°C and hybridized for 48 h at 37°C ([@B66]). Subsequently, biotinylated probes were detected using FITC-conjugated avidin (Sigma Chemical Co., St. Louis, MO). Finally, preparations were embedded in antifade medium (Vector Laboratories Inc., Burlingame, CA) containing 0.5 μg/ml DAPI (4′6-diamidino-2-phenylindole) as DNA-specific counterstain.

Microscopic Evaluation
----------------------

Preparations were evaluated using Zeiss Axioskop epifluorescence microscopes equipped with a double-band-pass filter for simultaneous excitation of red and green fluorescence and single band pass filters for excitation of red, green, and blue (Chroma Technologies, Brattleboro, VT). Images of high magnification and resolution were obtained using cooled black and white CCD cameras controlled by the ISIS fluorescence image analysis system (MetaSystems, Altlussheim, Germany) and IPLab Spectrum software (Scanalytics, Fairfax, VA), respectively. Hundred well-hybridized nuclei were scored for each time point. Nuclei were preselected on the basis of an undisrupted, homogeneous appearance in the DAPI-stained image. Grossly jagged or deformed nuclei were excluded from analysis.

Results {#Results}
=======

Centromere Clustering Is Frequent in Logarithmic, but Rare in Stationary Culture Cells
--------------------------------------------------------------------------------------

The nuclear distribution patterns of centromeres were analyzed under different growth conditions and at different stages of the mitotic cell cycle as well as in meiotic prophase in the budding yeast, *S. cerevisiae*. In spread nuclei we found a high incidence of centromere clustering throughout interphase in a variety of strains (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Nuclei where the distribution of centromeric FISH signals was restricted to \<50% of the total area of the DAPI-stained spread nucleus and nuclei with no more than four separate patches of fused centromere signals were classified as showing centromere clustering. In roughly half of these nuclei, centromeric FISH signals occupied even ⩽25% of the DAPI stained nuclear chromatin. In some cultures of strain SK1, ⩽95% of nuclei showed clustered signals with a pancentromeric probe. Sometimes, centromeres were arranged in a ring (Fig. [1](#F1){ref-type="fig"} *b*) whose significance we have not yet fully explored. A subset of nuclei showed a typical anaphase polarization of centromeres and telomeres (Figs. [1](#F1){ref-type="fig"} *a* and 2, *e--g*).

Since in spreads some spatial information is lost and artefacts may be produced by drying and spreading forces, we performed FISH on the intact nuclei of spheroplasts embedded in polyacrylamide. Like in spread cells, we observed tight centromere clustering in a high proportion of intact nuclei but their small size precluded a detailed analysis (Fig. [1](#F1){ref-type="fig"}, *f* and *g*). For the benefit of enhanced resolution the experiments reported below were performed with spread nuclei.

Frequencies of centromere clustering were compared between logarithmically growing and stationary cultures. Whereas in a SK1 culture at 1 × 10^7^ cells/ml, 95% of the cells displayed centromere clusters (Fig. [1](#F1){ref-type="fig"}, *a* and *b*); clustering was reduced to 37% after the culture had been left for 48 h at 2.6 × 10^8^ cells/ml (Fig. [1](#F1){ref-type="fig"}, *c--e*). Likewise, in strain no. 183, clustering was 93% in a culture with 5 × 10^6^ cells/ml and was reduced to 36% at 1.1 × 10^8^ cells/ml after 24 h. (In both experiments 100 nuclei were checked for each time point.) We conclude that centromere clusters become unstable in the increasing intervals between mitoses in dense, slowly growing cultures although clustering did not completely disappear even after several days (not shown).

Centromere--Telomere Polarization
---------------------------------

To study the relative distribution patterns of centromeres and telomeres we performed two sets of experiments. In one we labeled centromeres and telomeric regions of all chromosomes. In the other we labeled all centromeres and the telomeres of the long arm of chromosome *IV* (*IV*R) specifically.

In spread nuclei where centromeres and all telomeres were simultaneously labeled with Cy3 (*red*) and FITC (*green*), we found that centromeres usually were organized in one big cluster whereas the number of telomeric FISH signals (in the haploid strain) varied between ∼10 and \>20 (Fig. [2](#F2){ref-type="fig"}, *a--c*). From immunolabeling and FISH in structurally preserved yeast cells it is known that telomeres are clustered in a limited number of foci, preferentially positioned near the nuclear envelope ([@B41]; [@B25]). The detection in our preparations of fewer telomeric signals than telomeres present (32 in the haploid) may reflect this telomere clustering, but since telomere--telomere associations are partially lost in detergent-spread nuclei ([@B41]; [@B55]), it was only weakly expressed.

In the experiment with the pancentromeric and chromosome *IV*R telomere-specific probes we found that centromeres and telomeres tend to occupy opposite regions of the nucleus. In 100 out of 110 arbitrarily selected spread nuclei of a logarithmic growth phase culture of the SK1 diploid strain, centromere clusters were located at the periphery. This suggests that in vivo centromeres are assembled near the nuclear membrane also. Of the 200 chromosome *IV*R telomere signals in these nuclei, 82 (41%) were in the centromere-distal third of the nucleus, 64 (32%) in the median third and 54 (27%) were in the proximal third. If chromosome arm *IV*R (which is long enough to span the diameter of the nucleus, see Discussion) strictly followed the Rabl-orientation, its telomere should be located in the centromere-distal domain of the nucleus. The preferential, but not exclusive, position of telomeres in the centromere-distal domain suggests that chromosome arms by and large follow a Rabl-like orientation but may sometimes deviate from the ideal path (see also [@B50]).

In 69 diploid nuclei we measured distances between homologous and nonhomologous centromeric regions (on chromosomes *III* and *IV*) that are both included in the centromere cluster, and between these centromeric regions and the telomeric regions on *IV*R (Fig. [3](#F3){ref-type="fig"}). The mean distances between centromeres and telomeres *IV*R were notably larger than the distances between centromeres (Fig. [3](#F3){ref-type="fig"}), which confirms that telomeres of *IV*R tend to occupy areas distant from the centromere cluster. Interestingly, distances between the centromeres of homologous chromosomes *IV* were slightly smaller than between the centromeres of *III* and *IV*. Whether this is due to specific homologous interactions (see Discussion) will be further investigated. Homologous telomeres *IV*R were on the average closer together than centromeres and telomeres *IV*R, which might reflect telomere association (see above). However, this feature appears to be lost in strongly spread nuclei.

Centromeres Are Clustered Throughout the Mitotic Cell Cycle
-----------------------------------------------------------

To study the redistribution of centromeres and telomeres during mitosis and substages of interphase, mitotic time course experiments were conducted. To this end, cultures of both a diploid and a haploid strain were synchronized with α-factor (see Materials and Methods). In the diploid *MAT* **a**/*MAT* **a** strain (no. 183) 94% of cells (*n* = 200) were without a bud after 3 h exposure, which indicates high synchronization at G~1~ ([@B64]). Samples taken at 15-min intervals from *t* = 0 to *t* = 105 minutes after release from the arrest, showed between 81 and 90% centromere clustering (*n* = 100) with no tendency towards the higher or lower frequency over time (Table [I](#TI){ref-type="table"}).

A time course in the haploid *bar1* strain showed a slightly lower incidence of centromere clustering of ∼80% (Table [I](#TI){ref-type="table"}) that could relate to the different strain background or experimental conditions. In this experiment dividing nuclei (Fig. [2](#F2){ref-type="fig"}, *d--g*) appeared primarily at time points *t* = 75 min and *t* = 90 min (Table [I](#TI){ref-type="table"}). Mitoses were characterized by the splitting of centromere clusters into two roughly equal halves that occupied opposite poles. In both strains, the frequencies of centromere clusters were roughly the same at timepoints before and after the occurrence of mitoses, which indicates that there is no obvious difference between G~1~ and G~2~ nuclei with respect to centromere clustering.

Centromere Clusters Are Rapidly Dissolved at Meiotic Prophase
-------------------------------------------------------------

A meiotic time course with samples taken at 20-min intervals showed that centromere clustering started to decrease soon after the transfer to sporulation medium. After 120 min, the frequency of nuclei with clustered centromeres had dropped from 61 to 20% (Fig. [4](#F4){ref-type="fig"}). The resolution of clusters occurred in advance of the time when precursors of the synaptonemal complex (SC) first emerged (Fig. [5](#F5){ref-type="fig"}). After 160 min in sporulation medium 97% of nuclei were without centromere clusters, but the frequency of nuclei with SCs or SC precursors was only 31%. The fusion of FISH signals from chromosome *IV*R telomeric regions, which indicates homologous pairing, started to increase over mitotic levels only after 180 min in sporulation medium (Fig. [5](#F5){ref-type="fig"}). The earlier onset and completion of the resolution of clusters as compared with the formation of SC precursors and homologous pairing suggests that resolution of centromere clusters reflects a structural reorganization of the nucleus in preparation for synapsis. It is notable that during the first 100 min in meiosis there was a relatively high frequency (∼20%) of associated FISH signals of telomere *IV*R. Around *t* = 140 min in meiosis it was slightly lower (14%). This decrease in association between homologous regions coincides with the dramatic increase of nuclei that have lost centromere clustering between *t* = 100 and *t* = 160 min (Fig. [5](#F5){ref-type="fig"}). Only at later timepoints, the fusion of telomere *IV*R signals rises again as a consequence of synapsis. It may be concluded that the restructuring of nuclear architecture that leads to the loss of centromere clustering disrupts also the spatial relationship that exists between homologous regions in vegetative nuclei (see Discussion). This reduction in homologous associations matches well with the transient decrease in pairing at around *t* = 120 min in sporulation medium, which was observed by [@B72] and was interpreted as the disruption of presynaptic pairing interactions by chromosome replication.

Discussion {#Discussion}
==========

Does Centromere Clustering at Interphase Reflect Anaphase Chromosome Orientation or Another Kind of Nuclear Organization?
-------------------------------------------------------------------------------------------------------------------------

We have studied centromere distribution in both intact and gently spread nuclei. Spreading was performed to improve the spatial resolution of nuclear structures. FISH with a pancentromeric probe showed that centromere clustering is a prominent feature of interphase nuclear architecture in rapidly dividing budding yeast cells. Centromere clusters generally occupied a small domain at the periphery of the nucleus, from which the chromosome arms projected.

Recently, [@B27] had also inferred a cell cycle--dependent clustering of centromeres from the closer than random spatial association of the centromeres of three chromosomes. Whereas it is reasonable to assume that centromere clustering is a consequence of anaphase chromosome polarization, and thus an aspect of the Rabl-orientation, it would probably be randomized by Brownian motion if it was not fixed by the anchoring of chromatin to the nuclear matrix or the nuclear envelope ([@B51]). In addition or alternatively to residual anaphase orientation, centromere clustering might be generated by the active positioning of chromatin by a motor-like activity within the interphase nucleus (see [@B51]).

Centromere clustering was also reported in the fission yeast *Schizosaccharomyces pombe* where \>80% of nuclei at G~2~ phase showed clusters ([@B22]). In this organism centromeres cluster adjacent to the spindle pole body, which is evidence for the origin of centromere clustering in the course of the anaphase movement. The spatial relationship between centromeres and spindle pole body is preserved during a rotation of nuclei at cytokinesis when spindle pole bodies move out of the axis of the former division spindle. This concerted movement of centromeres and spindle pole body may indicate a physical connection of the centromeres with the cytoskeleton, which is maintained beyond mitosis. Also for *S. cerevisiae* it may be assumed that centromeres are kept in place by their permanent attachment to the spindle pole body, since it has been shown that nuclear microtubules are present throughout the entire cell cycle ([@B9]), and there is evidence that centromeres and spindle pole bodies colocalize during interphase ([@B27]). The identification of a mutation (*crm1*) that affects centromere clustering in fission yeast ([@B1]; [@B22]) provides additional evidence for the existence of a structure or activity that helps to maintain centromere clustering after its origin during anaphase polarization, or creates centromere clustering de novo during interphase.

Our experiments showed that in G~0~ nuclei of stationary cultures, when cells have not divided for several hours, the clustering of centromeres is reduced. This could either mean that anaphase centromere orientation simply disintegrates in the absence of a stabilizing structure or mechanism (e.g., stable attachment to the nuclear envelope and/or the nuclear matrix), or that any activity that might create centromere clusters during interphase does not persist in stationary phase cells. Likewise, it was observed in *Drosophila* that during the short intervening interphases of mitotically highly active embryonic cells, chromosomes remain in an extended configuration. However, in later stages of development when interphase is much longer, physical interactions between centromere-near and -distal chromosomal sites do occur ([@B18]). These authors ascribed this effect to the relaxation of chromosomes from the Rabl-conformation during long interphases.

Apart from being a mere reflection of spatial constraints within the nucleus, centromere clustering may be functionally important at metaphase. In yeast mitosis centromeres do not assemble at the equator of the dividing cell (the so-called metaphase plate; [@B67]). The clustering of centromeres, however, guarantees that centromeres are not scattered all around the nucleus by the time the spindle is formed. It is possible that both the metaphase plate in higher eukaryotes and the centromere cluster in yeast (although not necessarily at an equidistant position to the two spindle poles, see [@B67]) serve to facilitate the attachment of chromosomes to the spindle.

Centromere Clustering and Vegetative Pairing
--------------------------------------------

Evidence regarding the existence of vegetative or somatic homologous pairing in yeast and higher eukaryotes other than dipterans is controversial (for review and contrasting views see [@B65]; [@B3]; [@B12]; [@B43]; [@B69]; [@B33]; [@B35]; [@B44]; [@B29]; [@B40]; Haber et al., 1996; [@B34]). Vegetative pairing could reflect the fusion of similar arrays of transcription units on homologous chromosomes due to the demand to share transcription factors and polymerases ([@B13]). It has also been speculated that vegetative pairing could have evolved from the need of G~1~/G~0~ cells to perform recombinational repair in the absence of sister chromatids and that meiotic pairing would be facilitated by the existence of this type of pairing or association in vegetative or premeiotic cells (see [@B40]). In fact, in yeast cultures which had been grown in presporulation medium there is a remarkably high incidence of homologously associated FISH signals at *t* = 0 of meiosis ([@B46]; [@B72]). In this case, however, one could argue that cells are stimulated by the suboptimal growth conditions in the poor presporulation medium to initiate homology searching as a prelude to meiosis. [@B39], however, reported that also in vegetatively growing nuclei homologous chromosomes appeared to be paired. Based on the observation that DNase I sensitivity at a nuclease-hypersensitive site was higher when the same allele was present on the homologous chromosome, they suggested that local homologous interactions would bring about physical contact. Similarly, it was shown by [@B42] that oppositely imprinted sites on homologous chromosomes associate in human lymphocytes. Also we found a slight tendency for homologous regions to be more closely associated than expected on the basis of random distribution in vegetative nuclei (see Fig. [3](#F3){ref-type="fig"}; Jin, Q.-w., and J. Loidl, unpublished observations). This might be due to specific homologous interactions, but it is also possible that a Rabl-like orientation causes or at least contributes to homologous associations by assigning specific nuclear positions to chromosome arms dependent on their size.

In yeast, interphase chromatin was estimated to be compacted by a factor of ∼80 compared with naked DNA ([@B26]). Taking an estimate of 2.9 kb/μm DNA, one can calculate the interphase lengths of all chromosome arms (based on chromosome sizes given by [@B10]). Even if these parameters are somewhat uncertain, it seems that only the ten longest of the 32 yeast interphase chromosome arms would have to be folded further to be accommodated in the nucleus whose diameter is ∼2 μm. The medium-sized and short arms of the complement, on the other hand, would not extend from the centromeric to the opposite pole of the nucleus but only to median regions. These arms would be positioned at the nuclear periphery as telomeres tend to associate with the nuclear envelope ([@B41]; [@B25]), and would consequently displace longer arms toward the interior of the nucleus. This nuclear order could impose a topological constraint by which chromosomes of same lengths, i.e., homologues, would tend to occupy similar positions in the interphase nucleus and be closer together than if their distribution was random. A similar tendency of chromosomes to adopt non-random positions merely by following physical constraints is also illustrated by their size-dependent assortment in human metaphase plates ([@B54]). Thus, self-organization rather than specific control may be a considerable factor in establishing even seemingly complex patterns of order.

Nuclear Architecture and Meiotic Chromosome Pairing
---------------------------------------------------

It is a much-debated question whether meiotic chromosome pairing benefits from some kind of premeiotic chromosomal disposition. Some authors suggested that vegetative pairing or other modes of non random chromosomal arrangement reduce the expenditure on meiotic homology search (see [@B65]; [@B44]; [@B40]). [@B23] proposed that the Rabl-orientation carries over into meiosis, which would minimize the movement of chromosomes to form a bouquet (i.e., an arrangement by which all telomeres assemble in a small region near the nuclear envelope) and thus to initiate synapsis. In maize, [@B5] found a centromere-- telomere grouping that is consistent with a Rabl-configuration in premeiotic mitosis. However, this grouping is lost as cells pass through premeiotic interphase and leptotene. Thus, the bouquet forms de novo during meiotic prophase. In the mouse, [@B61] did not observe centromere--telomere polarization in several hundreds of spermatogonia and also reached the conclusion that the Rabl-configuration does not contribute to bouquet formation and homology search. It has been reported that a bouquet stage exists in the meiosis of budding yeast ([@B19]; Trelles-Sticken, E., and H. Scherthan, unpublished observations), but frequency and precise timing of its occurrence have not yet been determined and are currently under investigation by us. It is well possible that the observed loss of centromere clustering in meiotic nuclei (Fig. [5](#F5){ref-type="fig"}) is due to bouquet formation. When telomeres converge in a small area near the nuclear surface, the centromere cluster will be disrupted as arm lengths will dictate the positioning of centromeres relative to this region. A similar transition at which centromere clusters dissolve whilst telomeres aggregate, was recently described for early meiotic prophase of wheat ([@B2]).

Studying the relative timing of the resolution of centromere clusters and the appearance of the bouquet will allow us to determine whether the Rabl-like orientation in yeast is directly transformed into the bouquet, or whether a more complex rearrangement of centromeric versus telomeric attachments to the nuclear envelope ([@B60], [@B61]; [@B5]; [@B11]) precedes meiotic chromosome pairing.

We are grateful to Franz Klein for valuable comments on the manuscript.

This work was supported by grant no. 58202 from the Austrian Fund for the Advancement of Scientific Research (FWF). H. Scherthan received support from the Deutsche Forschungsgemeinschaft (Sche 350/8-1).

Please address all correspondence to J. Loidl, Institute of Botany, University of Vienna, Rennweg 14, A-1030 Vienna, Austria. Tel.: 43 1 79794 170. Fax: 43 1 79794 131. E-mail: <josef.loidl@univie.ac.at>

DAPI

:   4′6-diamidino-2-phenylindole

FISH

:   fluorescence in situ hybridization
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:   synaptonemal complex

![Representative nuclei of SK1 cells from (*a, b, f*) logarithmic growth and (*c--e, g*) stationary phase culture. (*a--e*) Spread nuclei; (*f* and *g*) intact nuclei. (*Red*) Centromeres. Telomeric region of chromosome *IV*R, green. (*Blue*) DAPI-stained chromatin. (*a*) Nuclei show centromere clusters near the periphery. Telomeres are dispersed within the nuclear chromatin. A slight preference for accumulation of telomere signals in the centromere-distant domain of the nucleus was noted (see text). The nucleus right on top is at anaphase with centromeres at the two opposite poles of the elongated nucleus and telomeres *IV*R in between. (*b*) Plan view of the centromeric pole of a nucleus showing centromeres arranged in a ring. (*c--e*) Nuclei displaying aspects of the progressive reduction of centromere clustering in a stationary culture. (*f* and *g*) Examples of intact nuclei from three-dimensionally embedded spheroplasts. Cells from a logarithmic culture show centromere clusters (*f*) and cells from a stationary culture show dispersed centromeres (*g*). Notice the ring-like arrangement of centromeres in the left nucleus in *f* which is similar to *b*. Nuclei are delineated in strong blue, spheroplasts are lightly blue due to DAPI staining of the mitochondrial DNA. Bar, 2 μm.](JCB15142.f1){#F1}

![FISH of centromeric (*red*) and telomeric (*green*) regions in spread mitotic nuclei of the haploid *bar1* strain. (*Blue*) DAPI-stained chromatin. (*a--c*) Interphase nuclei with clustered centromeric regions. Telomeres are apparently randomly distributed in the nucleus in *a*, whereas in *b* and *c* there is some association of telomere signals (see text). (*d--g*) Mitotic nuclei showing different degrees of separation of centromere clusters (pictures taken at *t* = 75 min of a mitotic time course), probably representing metaphase and anaphase stages. (*d*) The centromere cluster is split into two equal-sized patches. (*e* and *f*) The clusters consisting of the centromeres of chromatids are separated further and most telomeres are assembled between them. (*g*) The nucleus is oblong with the centromeres at the most distant poles, and the telomeres are separated to the two halves of the nucleus. Note that the constriction in the middle of the dividing nucleus, that is typical of anaphase/telophase in intact cells (for example see [@B8]), is not retained after spheroplasting. Bar, 2 μm.](JCB15142.f2){#F2}

![Pairwise distances between homologous chromosome regions within the centromere cluster (Centromeres *IV*), nonhomologous chromosome regions within the centromere cluster (Centromeres *IV* -- Centromere-near *III*), the centromere and the telomere of the long arm of chromosome *IV,* and between the homologous telomeres *IV* in the diploid strain SK1. The distances between the centers of FISH signals were measured in 69 nuclei which were differentially stained for these three regions. For nonhomologous signals all four possible distances were pooled for each nucleus. All measured distances were independently plotted in increasing order, i.e., symbols on the same ordinate do not necessarily represent distances in one and the same nucleus. This format of presentation adopted from [@B72] is highly suitable for accentuating minute differences in average distances.](JCB15142.f3){#F3}

###### 

Frequency of Nuclei with Clustered Centromeres (in Percent) Over a Mitotic Time Course in the Diploid MAT**a**/ MAT**a** and the Haploid bar1 Strain Synchronized with α-Factor

  Minutes after release from α-factor      0                                15      30      45      60      75      90      105      120      
  ------------------------------------- -- ----------------------------- -- ---- -- ---- -- ---- -- ---- -- ---- -- ---- -- ----- -- ----- -- ----
  Diploid                                  Percent centromere clusters      83      85      89      90      81      90      82       88       ND
                                                                                                                                              
  Haploid                                  Percent centromere clusters      81      77      80      79      83      68      78       81       80
                                           Percent anaphases                 0       0       0       0       0      16      10        1        0

100 nuclei were evaluated for each time point in both the diploid and the haploid strain. In the haploid, the presence of telomere signals allowed the identification of anaphases. Nuclei were classified as being at anaphase when two centromere clusters were present at opposite peripheral positions with most telomere signals between them (compare Fig. [2](#F2){ref-type="fig"}, *f* with *g*). The frequency of centromere clustering was roughly constant for all time points except for *t* = 75 min in the haploid where a large proportion of nuclei showed anaphase configurations instead.  

![Change in the nuclear architecture upon transfer to sporulation medium. (*a*) Early in meiosis, centromere (*red*) clustering is striking and telomeric regions on the long arms of homologous chromosomes *IV* (*green*) tend to be located near the nuclear periphery opposite to the centromere cluster. As can be seen from the two examples depicted in *a*, this polarization may bring about a closer than random association between homologous telomeres, since their distribution is restricted to a relatively small domain of the nucleus. At later time points nuclei with scattered centromeres become predominant. In early nuclei of this type, homologous telomeres *IV* produce separate signals (*b*), whereas later the telomeric signals fuse (*c*) in the course of meiotic pairing. For the frequencies of the various structural aspects at different time points in the meiotic culture see Fig. [5](#F5){ref-type="fig"}. (*d*) At pachytene bivalents are condensed. The red FISH signals indicate centromeres of individual bivalents. The green spot marks the end of the synapsed long arms of chromosome *IV*. The region to the right, which is devoid of centromere signals, is the nucleolus (*arrow*). Chromatin is stained blue with DAPI. Bar, 2 μm.](JCB15142.f4){#F4}

![Meiotic time course showing the increase of frequency of nuclei with dispersed centromeres (i.e., loss of centromere clustering) and the appearance of SCs and their precursors (short axial elements and short synapsed segments). For each time point (samples taken at 0 to 240 min in sporulation medium in 20 min intervals) 100 nuclei were analyzed by FISH and light microscopy of silver-stained preparations (for example see [@B45]) for centromere clustering, homologous associations of telomeres *IV*R, and presence of SCs or SC-precursors. The increase in the frequency of nuclei without clustered centromeres precedes the first appearance of SC-precursors at ∼120 min. Still later (180 min) the association of homologous chromosomal regions (telomere-near sites on chromosome *IV*R) above mitotic background levels indicates the onset of synapsis.](JCB15142.f5){#F5}
